mechanical ventilation between January 1, 2008 and December 31, 2011, excluding cardiac, thoracic, liver transplant, and palliative (e.g. percutaneous feeding tube placement, and tracheostomy) procedures. Patients who underwent more than one anaesthetic during their admission were excluded. Our institutional data warehouse was then queried to obtain administrative and outcome data. Patients missing administrative, outcome data, or both were excluded (Fig. 1) .
Ventilator management and calculation of respiratory variables
Patients were mechanically ventilated using a variety of General Electric Healthcare (Madison, WI, USA) anaesthesia machines. During the study period, the following models were in use at our institution: Aisys Carestation, Datex-Ohmeda ADU Carestation, Aestiva/5, and Aespire. Expired TV and other physiologic data were recorded every 15 s by our anaesthesia information management system (AIMS, CompuRecord, Philips, Andover, MA, USA). Ventilator mode, plateau pressure, and set TV were not recorded because of limitations of our AIMS. Anaesthetic agent (inhaled vs i.v.), ventilation mode (volume control vs pressure control), ventilator settings, and fraction of inspired oxygen (FI O 2 ) were chosen at the discretion of the attending anaesthetist.
For each mechanically ventilated patient, we then calculated the median value of the following variables over the length of intubation: expired TV, respiratory rate, peak inspiratory pressure (PIP), PEEP, and FI O 2 . Median dynamic compliance was calculated as median TV divided by (PIP-PEEP). 6 We then calculated the median TV per kg, and the median TV kg 21 ideal body weight (IBW). IBW was determined using the Devine formula for men and the Robinson formula for women. 7 All cases with TVs ,250 ml and/or TV ,3 or . 20 As a measure of co-existing illness we used the All Patient Refined-Diagnosis Related Group (APR-DRG) severity of illness (SOI) and risk of mortality (ROM) scores (extreme, major, moderate, and minor, for both scores). 10 The APR-DRG is a classification scheme developed by 3M based on nationwide samples and used by Medicare to determine the estimated resource consumption of a patient. The scores are calculated based on primary and secondary discharge diagnoses and thus capture all co-morbidities present during an admission. Although SOI and ROM are highly correlated for many conditions, they often differ because they relate to distinct patient attributes. 11 The APR-DRG ROM has been shown to correlate well with mortality among ICU patients and to be a suitable tool for risk-adjusting 30-day mortality among acute myocardial infarction patients.
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Outcomes
The primary outcome examined was 30-day mortality. Mortality data were obtained either from the Social Security Administration Death Master File (National Technical Information Service, Alexandria, VA, USA) or from our institutional data (discharge disposition of 'expired'). As a secondary outcome we examined the difference in observed vs expected length of stay (O-E LOS). Observed LOS was based on admission and discharge dates. Expected LOS was obtained from the University Health System Consortium. 15 As the distribution of the difference in O-E LOS was not normal, we decided a priori to make a binary cut-off where a difference of .2 days' excess stay was considered a negative outcome. 17 -19 We paired the treated and untreated subjects with a 1:1 ratio based on the logit of the propensity scores using the nearest neighbour matching without replacement. A caliper width of 0.2 units was used. We then carefully checked the balance of each preoperative factor between treated and untreated groups by examining the mean difference between the groups, standardized by the SD of the treated group. When the balance goal was achieved, we ran the Cox regression to estimate the HR of 30-day mortality for the treated group. Among those who were discharged, we also compared the LOS (using a Poisson regression) and the odds of having O-E LOS .2 days (using a logistic regression) between the two groups. All analyses were further adjusted for the following intraoperative variables: dynamic compliance, length of intubation, and presence of TT before arrival in the operating theatre. Calculation of respiratory variables variable was done using Perl 5.10. Statistical analysis and plot generation were performed using SAS 9.2 (SAS Institute, Inc., Cary, NC, USA) and R versions 2.15.3 and 3.0.1.
Statistical methods
Results
A total of 29 343 cases met the inclusion criteria and had complete data sets. There were 1751 (5.6% of eligible) cases excluded because of missing institutional data (n¼276), baseline patient characteristics (n¼359), physiological data (n¼322), or invalid physiological data (n¼794). (Figure 1 ) The mortality rate for these excluded subjects tended to be higher; however, after careful investigation, we found that nearly 20% (n¼293) of the excluded cases were marked as emergencies, vs 9.6% of included cases. The ORs of 30-day mortality for emergency cases were not significantly different between the study cohort and the excluded cohort (BreslowDay test for homogeneity: P¼0.12). Further, the difference in TV ml kg 21 IBW between emergent and non-emergent cases was only 0.22 ml kg 21 IBW [95% CI: 0.14 0.30]. Among the excluded cases that were non-emergent, the excluded subjects were not statistically different from the study sample with respect to the TV used and 30-day mortality (results not shown). Baseline characteristics broken down by TV ml kg 21 IBW are given in Table 1 . For the entire cohort, the median TV was 525.8 [472 -601] ml and the median TV ml kg 21 IBW was 8.6 [7.7 -9.6] . A higher proportion of women were ventilated artificially using high TV ml kg 21 IBW (Table 1) . This is likely to be the result of two factors. First, our ventilators have a default set TV of 500 ml. Secondly, on average, females are shorter than males and since IBW is calculated based on height, which in turn results in an increase in the TV ml kg 21 IBW seen in females. 
Characteristics of ventilation
Effect of intraoperative TV on outcomes
The results of the stepwise Cox regression are given in Table 2 . Preliminary analysis showed a high correlation between PIP and dynamic compliance (r¼20.76, P,0.001); therefore, only dynamic compliance was included in the final model. After adjusting for all retained co-factors, the risk of 30-day mortality significantly increased with TVs of 6-8 ml kg 21 IBW, compared with the reference (largest) group of TV 8-10 ml kg 21 IBW. The HR for TV 6-8 ml kg 21 IBW was 1.61 (95% CI 1.25-2.08, P¼0.0002). TVs .8-10 ml kg 21 IBW were not associated with an increased ROM. The dose-response curve generated by the RCS analysis indicated a threshold TV of 9.7 ml kg 21 IBW (P,0.0006, Fig. 3 ). Low dynamic compliance was found to be significantly associated with an increased risk of 30-day mortality, while the length of intubation was not (Table 2 ). There was no significant interaction between TV ml kg 21 IBWand length of intubation (P¼0.38). If PIP was included in the model instead of dynamic compliance, the HR for TV 6-8 ml kg 21 IBW was 1.72
(95% CI 1.35-2.91, P,0.001) and the HR for PIP .28 cm H 2 O was 1.68 (95% CI 1.24-2.29, P,0.001). We also found a significant association between TV 6-8 ml kg 21 IBWand an O-E LOS of .2 days ( Table 2) .
Results of propensity score matching
Propensity score matching resulted in 13 108 successfully matched pairs out of 14 466 patients in the four 'treated' TV groups ( Table 3 ). The IQR of the standardized mean difference for all preoperative factors was within 4% of the treated group after matching. The largest standardized mean difference was 13% for IBW in the TV 3-6 ml kg 21 IBWgroup, corresponding to an absolute difference in IBW between the TV 3-6 ml kg 21 IBW and the untreated group of ,1 kg IBW. The unadjusted HR for death after propensity score matching among patients ventilated with TVs of 6-8 vs 8-10 ml kg 21 IBW was 1.63 (95% CI 1.22 -2.18, P,0.001) ( Table 3) . When further adjusted for BJA Levin et al. 
Discussion
The results of the present study suggest that mechanical ventilation utilizing low TVs with minimal PEEP is associated 
Low intraoperative tidal volume ventilation
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with an increase in 30-day mortality and hospital LOS. The association was seen in both the standard and propensity score-matched analyses. Our data also show that a significant reduction in intraoperative TV used at our institution occurred over the 5-year study period, suggesting that the results of the ARDSNet trial did indeed have an impact on anaesthetic practice at our institution. It must be emphasized that the ARDSNet trial investigated a subpopulation of critically ill patients-those with severe acute respiratory illness. We believe that such patients cannot be compared with a general surgical population undergoing GA. Critically ill patients with ALI/ARDS have decreased compliance and are often treated with PEEP in order to increase functional residual capacity, reduce shunt fraction, and avoid atelectrauma. 20 In the ARDSNet trial, the low TV group had a mean PEEP of 8-9 cm H 2 O throughout the first 3 days. Anaesthetists, on the other hand, rarely utilize PEEP in their daily practice. The median PEEP seen in our population was 4 cm H 2 O, similar to that found in another recent large study. 5 Why anaesthetists are reluctant to use PEEP remains speculative, but is most likely linked to the shorter duration of mechanical ventilation, limitations of the 'bag in the bellow' ventilator and circle system, and most importantly, the fact that most patients come to the operating theatre with healthy lungs and so demonstrate normal oxygenation without the use of PEEP. While there is recent evidence that the use of low intraoperative TV plus PEEP of 10 cm H 2 O does attenuate the release of some inflammatory markers and may improve postoperative lung function, another study found that even among critically ill patients with preexisting ALI, intraoperative low TV ventilation was not associated with improved oxygenation or decreased in-hospital mortality. 4 21 22 A recently published multi-centre randomized controlled trial explicitly exploring the intraoperative differences between non-protective ventilation (TV 10-12 ml kg 21 IBW, no PEEP, no recruitment manoeuvres) and protective ventilation (TV 6-8 ml kg 21 IBW, 6-8 cm H 2 O PEEP, recruitment manoeuvres every 30 min) in patients with an intermediate-to-high risk of postoperative pulmonary complications found a significant reduction in postoperative pulmonary complications in the protective ventilation group. 23 We believe that the result of our study complement the findings of this trial, since no study to date has ever proved that low TVs in isolation are superior to standard ventilation strategies, but are beneficial only in conjunction with the application of PEEP and recurrent recruitment manoeuvres. In fact, a pilot study exploring the feasibility of using automated alerts to recommend low intraoperative TV in patients with ARDS/ALI found that while the clinicians were very amenable to reducing median intraoperative TV, they did not concomitantly increase the PEEP setting. The study found no outcome differences between the two groups, again suggesting the critical role of PEEP and recruitment. 24 This supports our belief that applying only one component of the ARDSNet protocol (low TV) in isolation is a misapplication of evidencebased medicine. Additionally, the ARDSNet protocol also limited the plateau airway pressure in the low TV group to ≤30 cm H 2 O vs ≤50 cm H 2 O in the conventionally ventilated group. Tobin asserted in an editorial in response to the ARDSNet results that the larger difference in plateau pressures may have been the reason why the ARDSNet trial found a benefit to lower TV whereas previous studies had not been able to identify the same effect. 25 More recently, Ferná ndez-Pérez and colleagues 26 demonstrated that intraoperative peak airway pressure is associated with postoperative ALI. Consequently, we were concerned that poor compliance and high airway pressures might have been the reason why anaesthetists chose lower TVs in our cohort, raising the question as to whether the harm associated with low TV was actually the result of increased PIP in the low TV groups. While there was a weak-to-moderate, but significant correlation, between PIP and TV (Fig. 2B) , the correlation was actually positive-higher PIP was correlated with higher TV. This indicates that clinicians in most cases were not setting low TVs solely in response to high airway pressures. Further, both the multivariate and the propensity score-matched analyses showed that low TV remained significant even after adjusting for either dynamic compliance or PIP. This bolsters our finding that low TV with minimal PEEP is in and of itself independently associated with poorer outcomes. As to the reason why patients whose lungs were ventilated with lower TVs and minimal PEEP had poorer outcomes, we speculate that atelectasis plays a central role. The induction of GA has long been known to be a promoter for the development of dependent zone atelectasis. To reduce the right-left shunting, anaesthetists have historically applied large TV to recruit these zones and improve systemic oxygenation. 1 High FI O 2 has also been linked to the development of atelectasis during the perioperative period. 27 In contrast to the recent findings of Blum and colleagues, 28 the median FI O 2 in our study population was high across all TV groups (Table 1) . Thus, the effects of absorption atelectasis were likely similar in the high TV vs low TV groups. This reassured us that any increased atelectasis was a result of the low TV itself and not attributable to ventilation with a higher FI O 2 in the low TV vs the high TV groups. Investigations have shown that impaired oxygenation caused by perioperative atelectasis persists for days after the surgical procedure. 29 -31 Experimental work has linked atelectatic regions of the lung to translocation and increased bacterial growth providing an optimal nidus for the development of lower airway tract infections. 32 33 There is also some clinical evidence in humans linking atelectasis to pneumonia. 34 Regardless of the exact aetiology, perioperative respiratory complications increase 30-day mortality. Canet and colleagues 35 studied 2464 patients and found a 30-day mortality of 19.5% among those who developed a postoperative pulmonary complication vs only 0.5% among those who did not.
Limitations
This was a retrospective single-centre study and as such we can report only associations and not causation. Clinical or administrative data on postoperative respiratory complications (e.g. pneumonia) and cause of death were unavailable, so it is very possible that the increased 30-day mortality seen among patients with low TVs was not attributable to the low TV per se but to other factors not captured in our analysis. However, the use of the APR-DRG ROM and SOI scores provided a robust risk-adjustment that has been well validated by other investigators. 12 -14 Another limitation is that we were unable to collect intraoperative plateau pressure and mode of ventilation utilized. However, mode of ventilation is simply a means to an end (decreased PIP) so lack of this data point is likely not significant. We also were unable to quantify oxygenation status and shunt fraction either intraoperatively or after operation because arterial blood gases were not collected for most patients in the cohort. This limited our ability to stratify patients based on intrinsic lung disease. We also acknowledge that even though the propensity score-matching analysis supported the results found in the Cox regression model, the magnitude of the biases in distributions between the TVgroups for certain covariates was considerable (Table 1 ) and unlikely to be fully offset by the propensity score. Thus, the definitive answer to our question can be obtained only through a randomized controlled trial. Finally, the mortality rate may have been underestimated because of missing or unreported data in the death master file. Overall though, we do believe that the large number of patients, diversity of patient characteristics and procedures, and use of well-validated measures of coexisting disease and SOI provide reassurance that our conclusions are not the result of statistical error but do represent real phenomena. In conclusion, while other studies have demonstrated the beneficial effects of low intraoperative TV with PEEP in patients at increased risk for pulmonary complications, we have shown that in a mixed general surgical population, ventilation with low TV and minimal PEEP has a detrimental effect on both 30-day mortality and hospital LOS.
